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interior	structure	of	 the	vent-conduit	system,	assess	 the	accessibility	 to	the	subsurface	ocean	
through	the	vent-conduit	system,	potentially	reach	the	liquid	interface,	and	perform	astrobiology	
and	 volcanology	 observations	 in	 the	 vent-conduit	 system.	 EVE	 sends	 two	 types	 of	 modules:	
Surface	 Module	 (SM)	 and	 Descent	 Module	 (DM).	 SM	 is	 a	
lander	that	stays	on	the	surface,	while	tens	of	small	(~3	kg,	10	
cm	 in	width	 and	 30	 cm	 in	 length)	 DMs	 separate	 from	 SM,	
move	to	a	vent,	and	descend	into	it.	DMs	rely	on	a	power	and	
communication	link	provided	by	SM	through	a	cable.	As	the	





D	 map	 of	 the	 geyser	 system	 with	 its	 stereo	 cameras	 and	
structured	light.	A	“sample	return	DM”	collects	particles	and	
ice	 cores	 in	 the	 vent	 and	 deliver	 them	 to	 the	 mass	
spectrometer	 in	 the	 SM.	 An	 “in-situ	 science	 DM”	 carries	
science	 instruments,	 such	 as	 a	 microscopic	 imager	 and	 a	




















of	 two	 categories,	 which	 we	 refer	 to	 as	 the	 relatively	 calm	 “boiling”	models,	 and	 the	more	
dynamic	“cryovolcanic”	models.	Very	roughly	speaking,	the	“boiling”	models	assume	that	liquid	
water	boils	into	vapor	under	the	surface,	while	the	“cryovolcanic”	models	assume	that	a	fairly	
















respectively.	The	worst-case	dynamic	pressure	 is	beyond	the	upper	 limit	 for	DM.	While	some	
work	 suggests	 107	 Pa	 dynamic	 pressure	 is	 likely	 unreasonable	 for	 geophysical	 reasons	 (D.	
Hemingway,	pers.	comm.)	and	more	detailed	analysis	could	better	constrain	the	worst	cases,	we	




















Our	 trade	 study	 has	 determined	 that	 the	 DM	 configuration	 that	 is	 most	 robust	 to	 the	
uncertainties	 in	 vent	 parameters	 is	 a	 limbed	 robot	with	 ice	 screws	 as	 the	 end	 effector.	 An	


























Europa	 Lander	 is	 the	power	 source.	 Europa	 Lander	uses	 a	 45-kWh	of	 primary	battery,	which	











the	 flow	 is	 approximately	 proportional	 to	 the	 cross-
sectional	area	of	the	robot,	but	the	mechanical	force	that	
the	 robot	 can	 apply	 in	 order	 to	 resist	 the	 drag	 also	
increases	with	the	size.	It	is	beyond	the	scope	our	Phase	I	
study	to	optimize	the	design	of	DM.	Instead,	 in	order	to	
obtain	 a	 reference	 point	 for	 the	 tolerable	 dynamic	
pressure,	we	developed	a	prototype	design	of	DM	with	
~10cm	in	width.	The	prototype	design	only	uses	existing	
technologies/materials	 and	 commercially	 available	
mechanical	parts	(e.g.,	motors,	gear	boxes).	It	is	a	point	
design	and	not	an	optimal	one,	but	it	has	been	guided	by	
experienced	 JPL	 mechanical	 engineers.	 The	 resulting	
design	 has	 four	 5	 DOF	 limbs,	 actuated	 by	 commercially	
available	 electrical	 motors.	 Each	 limb	 features	 a	 linear	
actuator,	which	 is	 used	 to	move	DM’s	body	against	 the	







typical	 automobiles,	 for	 example,	 is	 0.2-0.3.	 Clearly	 there	 is	 a	 significant	 room	 for	 design	











Beyond	 the	mechanical	 aspects	 of	 the	 EVE	 design,	 our	 study	 has	 considered	 the	 nature	 and	
degree	of	autonomy	capabilities	required	to	effectively	execute	the	mission.	Our	study	concludes	








capabilities	 for	 DM	 include	 3D	mapping,	 localization,	 hazard	 detection	 and	 avoidance,	 route	
planning,	 activity	 planning,	 self-diagnosis,	 and	 recovery	 from	 failures.	 Agile	 science	 is	 highly	
desired	to	not	miss	interesting	science	opportunities	during	the	traverse.	Cooperative	autonomy	
with	multiple	DMs	is	also	important.	The	limited	computational	capabilities	onboard	the	DM	are	
not	a	 limiting	 factor,	 since	DM	can	access	computational	 resources	on	SM	through	the	cable.	



























Finder).	 Very	 high	 resolution	 imaging	 combined	 with	 extremely	 sensitive	 passive	 emission	
spectrometry	 at	 sub-mm/THz	 wavelengths	 at	 optimized	 phase	 angles	 may	 give	 the	 highest	





































miniaturized	 science	 instruments	 in	 its	 middle	 section,	 such	 as	 a	 microscopic	 imager	 and	 a	










A	 DM	 could	 potentially	 have	 a	 train	 of	 multiple	









One	 idea	 is	 to	 make	 the	 middle	 section	
interchangeable,	 so	 that	a	DM	can	transform	to	a	
different	 type.	 This	 will	 give	 significant	 flexibility	
operation.	For	example,	an	in-situ	science	DM	can	
choose	 the	 best	 instrument	 based	 on	 the	
observations	 by	 scout	 DMs.	 A	 scout	 DM	 can	
transform	into	a	sample	return	or	an	in-situ	science	
DM	on	 its	 second	 trip.	 However,	 it	 is	 beyond	 the	
scope	of	 Phase	 I	 study	 to	 explore	 the	mechanical	
































Given	 the	 rich	 topology	of	 the	Tiger	Stripes	 in	which	 the	vents	are	 located,	 finding	a	 suitable	
































































it	goes	 into	the	vent	while	making	a	3D	map	of	 the	 interior	of	 the	vent.	 If	 it	 finds	the	path	 is	
blocked	either	by	obstacles	or	a	decreased	width	of	vent,	it	backs	up	and	tries	another	vent.	If	it	
successfully	goes	past	the	chocking	point,	which	is	the	most	critical	point	for	mobility,	this	vent	
is	 selected	 for	 further	study.	Some	scout	DM	stays	 in	 the	vent	and	continue	 the	mapping	 for	

















































































the	meltwater	would	 be	 pumped	out	 to	 the	 rear	 of	 the	 probe.	 The	main	 body	 of	 the	 probe	
contains	 a	 spool	 of	 aluminum	 tubing	 that	would	 be	 dispensed	 from	within	 the	 probe	 to	 the	



























probes	 because	 it	 does	 not	 need	 to	 melt	 or	 mechanically	 cut	 the	 ice.	 The	 required	 energy	















considered	a	potentially	habitable	 zone	 (Fugueredo,	et	al.,	2003),	as	 shown	 in	Figure	14,	and	
likewise	that	of	Enceladus	could	be	habitable,	too.	If	that	is	the	case,	the	vent-conduit	system	
could	be	the	most	accessible	habitable	zones	on	 icy	moons,	 from	which	the	 first	discovery	of	
extraterrestrial	life	could	be	made.	However,	as	we	will	describe	shortly	in	Section	3,	the	eruption	



















































Mach	5	and	8	 (Hansen,	et	al.,	2011).	 	Co-analysis	of	UVIS	and	 Image	Science	Subsystem	 (ISS)	
imagery	reveals	that	the	solid:vapor	ratio	likely	is	within	the	0.35-0.70	range	[Ingersoll	and	Ewald,	
2011],	which	does	not	particularly	 favor	 either	 “boiling”	 (vapor-dominated)	or	 “cryovolcanic”	
(vapor-poor)	 models,	 and	 a	 total	 eruptive	 mass	 of	 order	 ~200	 kg/s	 over	 the	 entire	 system.	
Gigawatts	of	thermal	emission	detected	by	the	Composite	Infra-Red	Spectrometer	(CIRS)	reveals	
elevated	temperatures	and	emissions	in	the	tiger-stripes	region	in	excess	of	what	can	reasonable	
be	 supplied	 via	 conductive	 losses	 from	 erupting	materials	 through	 the	 walls	 of	 the	 conduit.	
Detection	 of	 higher	 temperature	 emissions	 very	 close	 to	 the	 tiger-stripes,	 by	 the	 Visual	 and	




















































































































C	=	(AB)−1	 	 	 	 (4)	
A	=	[Σi	(ϕi	ρi)]0.5		 	 	 	























Static Pressure (Pa) at Mach 1 

















































Static Pressure (Pa) at Mach 1 


















































































































































































































Further	 study	of	Cassini	 data	 could	better	 constrain	 parameter	 estimates	of	 each	model.	 For	
example,	resolving	between	discrete	“point”	sources	and	more	extensive	“fissure”	eruptions	may	
allow	 certain	 models	 to	 be	 tested.	 However,	 in	 order	 to	 resolve	 between	 “boiling”	 and	
“cryovolcanic”	 models,	 additional	 orbital	 observations	 are	 likely	 needed.	 For	 example,	 the	
“boiling”	model	of	Kite	and	Rubin	[2016]	seems	to	require	a	“slot”	geometry,	i.e.	a	fissure,	while	





































































1-D	mobility	(rappelling)	 No	 Cannot	 go	 through	 non-
straight	path	












estimate	of	 the	dynamic	pressure,	due	to	Enceladus’s	weak	gravity	 (0.011g).	On	Europa,	 it	 is	
potentially	feasible	because	of	the	significantly	greater	gravity	(0.13g),	but	the	dynamic	pressure	





optimistic	estimate	 in	 the	“cryovolcanic”	model).	Given	 that	Enceladus’s	 surface	gravity	 (%)	 is	
0.11	m/s2,	the	upward	force	provided	by	the	gravity	is:	&$'() = 43-!."% = 0.24	N.	

































1. Ice	 screw:	 An	 anchoring	 device	 commonly	 used	 for	 ice	 climbing	 and	 crevasse	 rescue,	
shown	in	Figure	20.	Typically,	ice	screws	present	a	hollow	center	that	reduce	the	amount	
of	energy	required	in	the	installation,	as	well	as	three	to	four	teeth	tips	to	start	the	hole	





































strength)	varies	significantly.	The	mechanical	properties	of	 ice	 in	the	vent	 is	unknown.	
Therefore,	the	attachment	mechanism	should	work	over	a	wide	range	of	ice	state.	
c) Robustness	to	unknown	geometry	of	vent:	The	width	of	the	vent	is	not	only	unknown	
but	 it	 could	 vary	 significantly	 along	 the	 depth.	 Therefore,	 the	 attachment	mechanism	
should	work	with	a	wide	range	of	vent	width.	
d) Robustness	to	unknown	surface	roughness:	The	smoothness	of	surface	of	the	vent	wall	




















comparable	 scores.	 Ice	 screw	 is	 chosen	 as	 the	 baseline	 in	 our	 concept,	 and	 given	 further	






















Weight 5 5 5 5 5
Ice	Screw 8 7 10 9 4 190
Microspine	
Gripper
6 3 10 2 6 135
Cam/Wedging 7 5 5 7 7 155
Archimedes	
Screw
8 6 6 8 8 180



















Cam/wedging	 and	 Archimedes	 screw	must	 be	 in	 contact	 with	 opposing	walls	 in	 order	 to	 be	
operational.	As	a	result,	they	require	relatively	accurate	prior	knowledge	on	the	width	of	the	vent,	

















We	 next	 make	 a	 first-order	 estimate	 of	 the	 energy	 requirement	 of	 DM.	 This	 is	 in	 part	 a	
preparation	 for	 the	 power	 system	 trade	 discussed	 in	 the	 next	 subsection.	 Based	 on	 the	
mechanical	system	trade	study,	we	assume	DM	is	equipped	with	four	limbs	and	ice	screw	end	









































































dynamic	pressure	 Open	limbs	 Closed	limbs		 No	limbs	
Total	Body	+	Legs	 1671	 744	 		

































































































































































































Solar	cell		 	 5.5	 1-2	 Needs	at	least	20	m2	solar	cell;	Landing	site	
constrained	by	sunshine	


























fill	 80%	 of	 the	 volume	 of	 the	 five	 additional	 sections.	 An	MMRTG	 generates	 ~125	W	 at	 the	


















































kg)	 is	 similar	 to	 the	mass	 of	 the	 45-kWh	primary	 battery	 of	 Europa	 Lander	 (~95	 kg	 including	
packaging).	The	range	of	DM	is	 limited	not	by	energy	but	by	tether.	The	abundance	of	power	
allows	to	operate	more	than	ten	DMs	at	their	top	speed	(5.5	m/hr).	There	are	no	limitations	on	

































section	 also	 needs	 to	 accommodate	 the	 mechanical	 system	 for	


















































and	wait	 for	 ground	 control	 because	 the	 environment	 of	Mars	 is	 largely	 static.	 In	






















































































Opportunistic	 science	 is	not	merely	an	alternative	 to	conventional	ground-in-the-loop	science	
but	an	enhancement	of	it.	As	Dr.	Penny	Boston	stated	in	her	keynote	speech	at	the	2016	NIAC	
Symposium,	human	scientists	repeat	various	mental	activities	at	a	high	frequency,	e.g.,	scan	at	










due	 to	 an	 uncaught	 defect	 in	 the	 design	 or	 implementation	 of	 the	 code,	 and	
mitigate/accommodate	 this	 anomalous	 behavior	 and	 still	meet	 its	 execution	objectives.	 Such	




















that	 depth	 sensing	 exclusively	 supports	 the	 two	 following	 tasks:	 3D	 mapping	 for	 path	
planning/obstacle	avoidance,	and	visual	odometry	(VO).	We	limited	our	study	to	sensors	that	fit	
inside	 a	 1dm3	 robot.	We	 also	 assumed	 that	 the	 robot	 remains	 stationary	while	 imaging.	 The	


















needs	to	 find	matching	patches	of	pixels	across	 left	and	right	 images.	As	a	result,	stereo	only	













































Time-of-flight	cameras	measure	 the	return	 time	of	a	 light	pulse	with	a	2D	array	of	 receptors,	
























































































































































instruments	are	distributed	between	multiple	 in-situ	 science	DMs.	 In	addition,	 sample	 return	

















available.	 A	miniaturized	 pitot	 tube	 can	measure	 static	 and	 dynamic	 pressures,	 and	 the	 flow	



































Miniaturizing	 it	 for	DM	would	not	be	a	major	 challenge.	However,	DM	would	not	be	able	 to	





















Microchip	 electrophoresis	 (ME)	 is	 a	 miniaturized	 variant	 of	 capillary	 electrophoresis	 (CE)	
implemented	on	a	microfluidic	device.	ME	does	not	require	the	use	of	high-pressure	pumps	or	











46).	 If	DM	can	reach	the	 liquid	 interface	and	directly	 intake	 liquid	 (as	shown	 in	Figure	47),	or	





































However,	 transferring	 ice	 cores	 from	 the	 end	 effector	 to	 the	 middle	 section	 would	 require	






of	 the	 screw	 and	 bring	 the	 core	 back.	 It	 can	 make	 another	 trip	 to	 collect	 more	 samples.	
Alternatively,	if	space	permits,	a	DM	can	have	multiple	ice	screws	in	the	middle	section.	
	
The	 volume	 of	 an	 ice	 core	 produced	 by	 an	 8-mm	 ice	 screw	 with	 2.5	 cm	 insertion	 length	 is	
approximately	3	cc.	This	 is	comparable	to	the	required	volume	of	sample	for	Europa	Lander’s	



































Category	 III/IV,	 and	 NASA’s	 planetary	 protection	 policy	 (NPR	 8020.12D,	 Planetary	 Protection	
Provisions	for	Robotic	Extraterrestrial	Mission)	was	also	updated	as	such.	As	EVE	will	 land	and	












which	uses	RTG	and	General	 Purpose	Heat	 Source	 (GPHS)	modules	 containing	Pu-238	 (mode	
details	are	in	Section	2.3.2).	They	propose	heat	sterilization	at	500C	for	significant	periods	of	time	
because	 “exposure	 to	 500C	 for	 extended	 durations	 should	 pyrolize	 any	 organic	 material,	
decomposing	all	large	organic	molecules	(Wilcox,	et	al.,	2017).”	However,	further	studies	should	
be	 done	 to	 prove	 the	 particular	 sterilization	method	 can	 achieve	 the	1×10KM 	contamination	
probability	requirements.	Building	a	spacecraft	to	tolerate	the	extensive	heat	sterilization	would	
be	 a	 major	 technical	 challenge.	 In	 addition	 to	 heat	 sterilization,	 development	 of	 alternative	























































maximum	energy	required	to	insert	the	screw	due	to	torque	can	be	calculated	by	the	equation	2-OU = @,	where	O =number	of	 threads	on	 screw, @ =energy	 required	 for	 insertion	due	 to	
torque	 	T .	The	assumption	that	the	max	torque	is	applied	for	the	entire	insertion	of	the	screw	






















given	 point	 was	U = 	1.634	OR .	 The	 approximate	maximum	 energy	 required	 to	 remove	 the	
screw	due	to	torque	can	be	calculated	by	the	equation	2-OU = @,	where	O =number	of	threads	
on	 screw, @ =energy	 required	 for	 removal	 due	 to	 torque	 	T .	 The	 assumption	 that	 the	max	



















We	 tested	a	weight	on	bit	 (wob)	 force	of	≈ 21	O,≈ 11O,≈ 6O	Z]A ≈ 3O	with	a	 confidence	




























conservative	normal	force	is	used,	the	energy	requirement	would	be	@^_^`a = @bcdef^b_c +@c_fh`a + @feh_i`a = 341.2	T + 	0.2	T + 154.0	T = 495.4	T.	
	
6.1.2.1 Room	Temperature	Experiment	













experienced	by	the	 ice	screw	only	by	about	≈ 10%.	These	variations	are	 likely	due	to	normal	
variations	 in	 separate	 experiments.	 However,	 the	 results	 are	 still	 preliminary,	 hence	 more	






In	 conclusion,	 the	energy	 required	 to	 insert	an	 ice	 screw	with	10	cm	 in	 length	and	1.6	 cm	 in	





























































































































































































































The	 first	 architecture	 is	 a	 joint	 actuated	 limb	
structure,	 that	 is	 conceptually	 the	 typical	biological	
solution	 for	 animals,	 human	 included.	 The	
advancement	 is	 achieved	 through	 the	 arms	 being	






The	 second	 architecture	 decompose	 the	
advancement	 actuation	 and	 angle	 adjustment,	 so	
that	the	load	is	only	carried	by	a	single	primary	linear	
actuator,	while	the	secondary	actuators	never	work	













situations.	 The	design	 is	mainly	 composed	by	2	 anchoring	 sections,	 each	one	possessing	 two	
embedded	ice	screw.	Additionally,	it	has	a	pushing	pin	capable	of	pushing	the	ice	and	balance	
the	aerodynamic	moment	on	the	body.	In	between	those	two	modules	a	third	main	module	is	
connected	 through	2	 rigid	and	actuated	 joints.	Those	 joint	must	allow	at	 least	 two	degree	of	















































































actuator:	 in	 fact,	 the	 design	 relays	 on	 the	 linear	 actuator	 to	 shoulder	 the	 aerodynamic	 load	
independently	from	the	other	degree	of	freedom.	The	first	phase	was	to	analyze	the	different	

























offers	 the	 advantage	 to	 use	 little	 to	 no	 lubricants	 and	 are	 generally	 unaffected	 from	






by	extreme	environments,	 they	 fit	well	 for	both	high	 forces,	precise	control	and	small	







Considering	 the	 scope	 of	 this	 study	 is	 a	 feasibility	 analysis,	 it	 is	 preferable	 to	 prove	 that	 a	
traditional	design,	easier	to	verify	and	design,	can	be	used	for	the	goal.	After	a	few	preliminary	















SCREWS	 PITCH	(MM)	 	TORQUE	REQUIRED		 FEASIBILITY	
Ø	12	WITHOUT	BALLS	 2	 0,79	 		
Ø	12	WITH	BALLS	 2	 0,39	 		
Ø	12	WITHOUT	BALLS	 5	 1,98	 need	higher	quality	gearbox	
Ø	12	WITH	BALLS	 5	 0,99	 		
Ø	12	WITHOUT	BALLS	 10	 3,97	 extremely	strong	gearbox	














o	 pR = 10. ∙ mqr% ∙ ( 7d&` i ∙ tu)	cwx 		is	the	fraction	of	cycles.	7d	is	an	empirical	coefficient	related	to	the	screw14.	tu	is	the	life	reduction	factor.	mqr%	is	the	reliability	factor	(0.44)	
SCREWS	 PITCH	(MM)	 CS	 KM	OF	TRADABLE	ROAD		
Ø	12	MIN	LIFE	 2	 2820	 0.54	
Ø	12	MAX	LIFE	 2	 2820	 1.50	
Ø	12	MIN	LIFE	 5	 6850	 19.6	
Ø	12	MAX	LIFE	 5	 6850	 53.8	
Ø	12	MIN	LIFE	 10	 7050	 42.7	










MOTOR	 WATT	 	 OUTPUT	WATTS	 SPEED	M/S	
BRUSHLESS,	WITH	BALLS	 8	 	 5.12	 0.00512	
BRUSHLESS,	WITHOUT	BALLS	 8	 	 2.56	 0.00256	
PRECISION	METAL	BRUSHED,	
WITH	BALLS	
1,5	 	 0.96	 0.00096	
PRECISION	METAL	BRUSHED,	
WITHOUT	BALLS	















































































































ROPE	DIAMETER	(MM)	 AREA	(MM2)	 MAX	TORQUE	(NM)	 TORQUE	ON	THE	PULLEY	
(NM)	
0,8	 0,50	 4,60	 8,37	
0,9	 0,64	 5,83	 10,6	
1	 0,79	 7,19	 13,0	
1,1	 0,95	 8,71	 15,8	
1,2	 1,13	 10,3	 18,8	






























factors	 are	 to	 be	 taken	 in	 consideration:	 Bearing	 proprieties	 deteriorate	 in	 space	 and	 cold	
environment	due	to	the	need	of	using	specific	lubricant	and	sealings.	The	listed	proprieties	are	
referred	to	traditional	bearings,	which	proprieties	data	are	downgraded	to	fit	reliability	standards	



















0,5	 1,0	 1,0	 1,0	 2,0	
MAX	STATIC	C0	
KN	
3,1	 9,5	 0,761	 3,1	 18,6	
MAX	DINAMIC	C	
KN	
3,0	 4,5	 0,72	 3,0	 19,0	























































































































































































































































































































The	 single	 greatest	 source	 of	 uncertainty	 in	 this	 concept	 is	 the	 eruption	mechanism.	 In	 our	
preliminary	analysis	in	the	Phase	I	study,	we	found	that	EVE	is	likely	feasible	with	the	“boiling”	
models	 but	 the	 feasibility	 remains	 undetermined	 with	 the	 “cryovolcanic”	 models.	 Resolving	












bot”	design,	which	has	additional	middle	 sections	 for	 accommodating	more	 instruments	or	 a	
longer	 tether.	 Another	 idea	 is	 interchangeable	 middle	 section	 (i.e.,	 swapping	 science	
instruments),	which	gives	greater	flexibility	and	robustness	in	operation.		
	
Compared	 to	mechanical	 capabilities,	 the	 required	 software	 capacities	 are	 less	 developed	 in	
general.	For	the	reasons	we	discussed	in	Section	4.4,	DM	needs	to	be	highly	automated	in	order	















vents	 exist.	 Adapting	 EVE	 for	 Europa18	would	 be	 an	 interesting	 direction.	 Probably	 the	 harsh	
radiation	environment,	which	 in	 turn	 results	 in	a	 shorter	mission	duration,	would	be	a	major	
																																																						
18	Conveniently,	Europa	and	Enceladus	shares	the	initial	letter.	Hence	the	acronym	“EVE”	will	be	
applicable	to	Europa	as	well.		
Enceladus	Vent	Explorer	Concept	 		 8.	Future	Work	
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97	
challenge.	EVE	could	also	find	terrestrial	applications,	such	as	exploration	of	geysers,	crevasses,	
and	ice	caves19.	Demonstrating	the	concept	in	Earth	analogues	would	be	a	stepping	stone	to	the	
future	Journey	to	the	Icy	Moons.		
	
	
	
	
	
	
	
	
	
	 	
																																																						
19	Even	more	conveniently,	Earth	also	has	the	same	capital	letter.	
Enceladus	Vent	Explorer	Concept	 		 9.	Bibliography	
2016	NIAC	Phase	I	Study:	Journey	to	the	Center	of	Icy	Moons	
	
98	
9 Bibliography	
Arakawa,	M.	&	Maeno,	N.,	1997.	Mechanical	strength	of	polycrystalline	ice	under	uniaxial.	Cold	
Regions	Science	and	Technology,	Volume	26.	
Asbeck,	A.	T.	et	al.,	2006.	Climbing	Walls	with	Microspines.	s.l.,	s.n.	
Barth,	J.	L.,	Dyer,	C.	S.	&	Stassinopoulos,	E.	G.,	2003.	Space,	Atmospheric,	and	Terrestrial	
Radiation	Environments.	IEEE	Transactions	on	Nuclear	Science,	50(3).	
Beverly,	J.	M.,	2009.	Ice	Climbing	Anchor	Strength:	An	In-Depth	Analysis,	s.l.:	s.n.	
Beverly,	M.	J.	&	Stephen	,	W.,	2009.	Ice	Climbing	Anchor	Strength:	An	In-Depth	Analysis.	
[Online]		
Available	at:	http://hmga.gr/storehouse/word-
acrobat/Ice%20Climbing%20Anchor%20Strength%20-%20MRA%202009%20-%20Marc%20Beve
rly.pdf	
Boston,	P.,	2016.	Biovermiculation	biopatterns	as	universal	signatures	of	extant	and	extinct	life.	
s.l.:s.n.	
Boston,	P.,	2016.	Keynote	talk,	NIAC	Symoposium.	[Online]		
Available	at:	https://livestream.com/viewnow/NIAC2016/videos/133893674	
Boston,	P.	J.,	Spilde,	M.	N.	&	Melim,	L.	A.,	2001.	Cave	microbe-mineral	suites:	best	model	for	
extraterrestrial	biosignatures!.	s.l.,	s.n.	
Burge,	S.,	2009.	The	Systems	Engineering	Tool	Box	-	Push	Matrix	(PM).	[Online]		
Available	at:	https://www.burgehugheswalsh.co.uk/uploaded/1/documents/pugh-matrix-
v1.1.pdf	
Europa	Lander	Mission	Concept	Team,	2017.	Europa	Lander	Study	2016	Report:	Europa	Lander	
Mission,	s.l.:	s.n.	
Fugueredo,	P.	et	al.,	2003.	Locating	Potential	Biosignatures	on	Europa	from	Surface	Geology	
Observations.	Astrobiology,	3(4).	
Goguen,	J.	D.	et	al.,	2013.	The	temperature	and	width	of	an	active	fissure	on	Enceladus	
measured	with	Cassini	VIMS	during	the	14	April	2012	South	Pole	flyover.	Icarus,	226(1),	pp.	
1128-1137.	
Hand,	K.	P.	et	al.,	2017.	Europa	Lander	Study	2016	Report:	Europa	Lander	Mission,	s.l.:	s.n.	
Hansen,	C.	J.	et	al.,	2011.	The	composition	and	structure	of	the	Enceladus	plume.	Geophysical	
Research	Letters.	
Jones,	D.	S.,	Lyon,	E.	H.	&	Macalady,	J.	L.,	2008.	Geomicrobiology	of	biovermiculations	from	the	
Frasassi	cave	system,	Italy.	Journal	of	Cave	and	Karst	Studies,	70(2),	pp.	78-93.	
Kehl,	F.	et	al.,	2016.	In-situ	liquid	extraction	and	analysis	platform	for	Mars	and	ocean	worlds.	
3rd	International	Workshop	on	Instrumentation	for	Planetary	Missions.		
Kite,	E.	S.	&	Rubin,	A.	M.,	2016.	Sustained	eruptions	on	Enceladus	explained	by	turbulent	
dissipation	in	tiger	stripes.	Geophysical	Research	Letters.	
Liepmann,	H.	W.	&	Roshko,	A.,	2002.	Elements	of	Gasdynamics.	s.l.:Dover	Publications.	
Lorenz,	R.	D.,	2002.	Thermodynamics	of	Geysers:	Application	to	Titan.	Icarus,	156(1),	pp.	176-
183.	
Matson,	D.	L.,	Castillo-Rogez,	J.	C.,	Davies,	A.	G.	&	Johnson,	T.	V.,	2012.	Enceladus:	A	hypothesis	
for	bringing	both	heat	and	chemicals	to	the	surface.	Icarus,	221(1),	pp.	53-62.	
McKay,	C.	P.,	2004.	What	is	life	and	how	do	we	search	for	it	in	other	worlds?.	PLOS	Biology.	
Enceladus	Vent	Explorer	Concept	 		 9.	Bibliography	
2016	NIAC	Phase	I	Study:	Journey	to	the	Center	of	Icy	Moons	
	
99	
Mitchell,	K.,	2005.	Coupled	conduit	flow	and	shape	in	explosive	volcanic	eruptions.	Journal	of	
Volcanology	and	Geothermal	Research,	Volume	136,	pp.	223-240.	
Parness,	A.,	2011.	Anchoring	Foot	Mechanisms	for	Sampling	and	Mobility	in	Microgravity.	s.l.,	
s.n.	
Parness,	A.,	Frost,	M.,	King,	J.	P.	&	Thatte,	N.,	2012.	Demonstrations	of	gravity-independent	
mobility	and	drilling	on	natural	rock	using	microspines.	s.l.,	s.n.	
Porco,	C.	C.	et	al.,	2006.	Cassini	Observes	the	Active	South	Pole	of	Enceladus.	Science,	
311(5766),	pp.	1393-1401.	
Porco,	C.,	DiNino,	D.	&	Nimmo,	F.,	2014.	HOW	THE	GEYSERS,	TIDAL	STRESSES,	AND	THERMAL	
EMISSION	ACROSS	THE	SOUTH	POLAR	TERRAIN	OF	ENCELADUS	ARE	RELATED.	Astronomical	
Journal,	148(3).	
Sakurai,	T.	et	al.,	2015.	Studies	of	melting	ice	using	CO2	laser	for	ice	drilling.	elsevier,	8	October.	
Spitale,	J.	N.	et	al.,	2015.	Curtain	eruptions	from	Enceladus’	south-polar	terrain.	Nature,	Volume	
521,	pp.	57-60.	
Waite,	J.	H.	et	al.,	2011.	Enceladus'	Plume	Composition.	s.l.,	s.n.	
Warner,	N.,	n.d.	Personal	communication.	s.l.:s.n.	
Wilcox,	B.	H.,	Carlton,	J.	A.,	Jenkins,	J.	M.	&	Porter,	F.	A.,	2017.	A	Deep	Subsurface	Ice	Probe	for	
Europa.	Big	Sky,	IEEE,	p.	2622.	
Wilhelms,	F.,	Kriews,	M.	&	Dick,	D.,	n.d.	The	physical	properties	of	ice	with	respect	to	laser	light	
for	environmental	and	industrial	applications.	s.l.:s.n.	
Willis,	P.	A.,	Mora,	M.	F.	&	Creamer,	J.	S.,	2015.	Implementation	of	microchip	electrophoresis	
instrumentation	for	future	spaceflightmissions.	Analytical	and	Bioanalytical	Chemistry.	
Zimmerman,	W.,	Bonitz,	R.	&	Feldman,	J.,	2001.	Cryobot:	An	Ice	Penetrating	Robotic	Vehicle	for	
Mars	and	Europa.	s.l.,	s.n.	
Enceladus	Vent	Explorer	Concept	 		 9.	Bibliography	
2016	NIAC	Phase	I	Study:	Journey	to	the	Center	of	Icy	Moons	
	
100	
	
